Nanostructured WCuNi electrical contact materials to be used in low voltage vacuum switching contactors for nominal currents up to 630 A were developed successfully by hot isostatic pressing. WCuNi composite powder mixtures with copper content of 20 to 40 wt% and 1 wt% Ni were mechanically alloyed in Ar atmosphere by high--energy ball milling with a ratio of milling steel balls: powders mixtures of 8:1 and rotation speed of 400 rpm for 10 and 20 h. The eect of mechanical alloying on the sintering response of composite compacts was investigated. Also, the sintered contacts were characterized from the point of view of physical, microstructural, mechanical, and functional properties. The nanostructured electrical contacts presented very good sinterability and homogeneous structures with a maximum compactity degree of about 89%. The best WCuNi compositions with relative density of about 80%, chopping currents lower than 5 A, copper content lower than 40% as W20Cu1Ni (10 h of mechanical alloying and 20 h of mechanical alloying) and W30%CuNi (10 h of mechanical alloying) were selected to be used in vacuum contactors.
In the past years, WCu composites have been widely used in automotive, electrical, and military industry in applications such as heat sinks in high power microelectronic devices, electrical contacts in vacuum switching devices such as circuit breakers, contactors and for arcing resistant electrodes and deviator plates in fusion reactors. This wide range of applications is due to a unique combination of the high electrical and thermal conductivities of copper, and the low coecient of thermal expansion, high hardness, high melting point, low vapor pressure, and high arc erosion resistance of tungsten [15] . It is well known that W and Cu are completely immiscible in both solid and liquid phases according to the equilibrium phase diagram [6] (Fig. 1) .
Consequently, the alloying of the two metals proves to be dicult. Because of a large disparity between their melting points and densities and high wetting angle of liquid copper on tungsten, the full-density WCu alloys cannot be developed by using conventional alloying techniques such as metal-casting processes and are currently manufactured through powder metallurgy techniques [1, 3] . Mechanical alloying (MA) is an attractive process because of its simplicity, ability to scale up to produce large quantities of powders and is used to increase the sinterability of the WCu system. This high--energy ball milling method produces high energy impacts on powders by collision between powder particles and grinding media leading to nanocomposite powders with good sinterability [7, 8] . To activate sintering and reduce sintering temperature of tungsten from 2800
• C to 1400
• C, the addition of small amounts of the transition metals, such as Ni, Fe, Co or Pd is practiced [5, 9, 10] .
There are a variety of powder consolidation techniques such as hot extrusion, hot isostatic pressing, plasma activated sintering, shock wave consolidation which can be used to maintain the nanocrystalline structure and to achieve near full density [11, 12] .
The synthesis of WCuNi powder composites by MA followed by hot isostatic pressing (HIP) is examined. The eect of the milling time (10 to 20 h) and composition (20 to 40 wt% Cu, 1 wt% Ni, and balance W) on the obtained electrical contacts and physical, microstructural, mechanical, and functional properties has been investigated.
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The raw materials used to synthesize the nanocrystalline WCuNi composite powders by MA technique were tungsten powder (99.9%, < 32 µm) with polygonal morphology (Fig. 2) , copper powder (99.9%, < 32 µm) with dendritical morphology (Fig. 3) , and nickel powder (99.9%, < 32 µm) (Fig. 4) . Mixtures containing 20, 30, and 40 wt% Cu and 1 wt% Ni as sintering aid were MA-ed in a high energy ball mill using stainless steel container and balls with the ball-to-powder weight ratio of 8:1. Argon gas was passed into the container to prevent the oxidation of powder during the milling process. Each powder composition was subjected to the milling process for 10 h and 20 h at 400 rpm rotational speed. The powders were mixed with 1.5% stearic acid as milling agent to avoid excessive welding of particles during milling.
Consolidation of the milled powders was carried out under a specic pressure of 400 MPa at an automatic cold press. In order to produce high density electrical contacts, the green cylindrical compacts were HIP-ed using a press of AIP6-30H type at 1300 ± 10
• C and 1.5 h maintaining time at 190 MPa. To further increase the compactity degree, a calibration process with a press at 18 ton force on a specimen surface of 3.299 cm 2 , so 5.46 tf /cm 2 was applied. Specimens sampled from HIP-ed electrical contacts were characterized from physical, microstructural, mechanical, and functional point of view.
The WCuNi particle size and polydispersity were measured in an aqueous suspension at 25
• C and a scattering angle of 90
• by the dynamic light scattering (DLS) method with a 90 Plus particle size analyzer. Also, the crystalline phases formed in the MA-ed powder composites were analyzed by X-ray diraction (XRD) technique by using a Bruker-AXS D8 Difractometer with Cu K α radiation.
The density of the contact materials was determined at 24
• C with a hydrostatic balance by the immersion technique using ethyl alcohol as a displaceable liquid.
The Vickers hardness values of the obtained electrical contacts were determined at room temperature (RT) by using a microdurimeter with an impression load of 2.942 N and a dwell time of 15 s, while the metallographic analysis was performed with an optical microscope on polished and un-etched samples.
As shown in Fig. 5 , pairs of two WCuNi electrical contacts pieces from each material composition xed on copper supports were subjected to functional tests in order to determine the chopping current values. These measurements were performed on specic equipment realized by Icpe SA and UPB which consists of a vacuum unit containing a turbomolecular pump, a dipstick for pressure measuring, an ion pump, and an electric drive cabinet. The wave form of the injected current was acquired with a coaxial shunt and a Tektronix TDS 5034B oscilloscope. The chopping current tests on the obtained WCuNi electrical contacts were performed in the following conditions: pressure in the vacuum chamber of 10 −5 mbar, injected current of 2530 A, opening velocity of electrical contacts of 1.5 m/s. The total number of measurements for each pair of specimens was 31. 3 . Results and discussions Figure 6 shows the XRD patterns of the mechanical alloyed powder composites at various MA times (10 h and 20 h). Crystalline phases formed in the MA-ed composite such as Cu 0.4 W 0.6 , (Cu 19 Ni) 0.2 , and Ni 0.85 W 0.15 were found. As it can be observed from Fig. 6 , for the highest MA time (20 h), the peaks corresponding to the Cu 0.4 W 0.6 metallic compound decrease in intensity which means a reduction in crystallite size. Also, with Cu content increasing from 20 to 40 wt%, the intensity of the peak corresponding to the (Cu 19 Ni) 0.2 is increasing. Table I shows the average crystallite size of the main compound (Cu 0.4 W 0.6 ) in the WCuNi mechanical alloyed powder composites. This compound is preferentially oriented on [110] direction for all the analyzed specimens.
It can be stated from Table I that an increase in the milling time from 10 to 20 h results in crystallite renement for all the analyzed powder composites. Table II shows the ne and coarse nanoparticle size distribution with a mean nanoparticle diameter and the polydispersity index obtained by DLS method for WCuNi powder mixtures.
From Table II , the mean diameter decreases both with Cu content increasing and milling time. The predominant nest particle size ranges have been registered for the powder composites W30Cu1Ni and W40Cu1Ni at the longest milling time (20 h). Also these nanopowders have shown a good polydispersity, since the polydispersity index is a measure of the distribution width. The more polydispersity index values are smaller the nanoparticle size distribution is more homogeneous. Figure 7 shows some of the optical micrographs of the WCuNi electrical contact materials obtained by HIP technology.
The samples have shown homogeneous microstructures with visible Cu network distribution and some degree of porosity. From the data presented in Table III , all specimens have a degree of porosity, the minimum being 11.3% and the maximum 20.96%, as it was shown from the optical micrographs (Fig. 7) . The highest degree of compactity (88.70%) had been obtained for the WCuNi electrical contact materials with the highest content of copper due to the uniform distribution of the liquid phase of copper. However, regarding the mechanical values, the highest values of the Vickers hardness had been obtained for the specimens with low content of copper, 20% and 30% respectively, and for the longest milling time (20 h). This is a consequence of increase of the neness degree, the existence of a uniform distribution of the intermetallic phases (Cu 0.4 W 0.6 , (Cu 19 Ni) 0.2 , Ni 0.85 W 0.15 ) into matrix and also, of the presence of the W majority harder phase.
An important parameter in the case of vacuum contactor is the chopping current value. This value is directly linked to the overvoltage produced in the commutation process. In the case of low voltage contactors, the chopping current value must be up to 5 A (peak value of the current up to 50 A). From Table III the lowest values for the chopping currents have resulted for the electrical contacts with a copper content lower than 40%. This is explained by the fact that the average value of the chopping current decreases as the vapor pressure of the metal increases [13] . 4 . Conclusions Nanostructured WCuNi electrical contact materials with 2040 wt% Cu and 1 wt% Ni and balance wt% W were obtained from MA-ed powders at 10 h and 20 h by hot isostatic press technology at 1300
• C, with a dwell time of 1.5 h at 190 MPa and calibration at the at the specic pressure of 5.46 tf/cm 2 . The highest degree of compactity (88.70%) had been obtained for the WCuNi electrical contact materials with the highest content of copper (40%) due to the uniform distribution of the liquid phase of copper into matrix.
The Vickers hardness values have increased for the W (2030 wt%)Cu1 wt% Ni electrical contact materials obtained at the longest milling time (20 h) due to increase of neness degree, the existence of a uniform distribution of the intermetallic phases (Cu 0.4 W 0.6 , (Cu 19 Ni) 0.2 , Ni 0.85 W 0.15 ) into matrix and, also, to the presence of W which is the majority and harder phase from the matrix.
The lowest values for the chopped currents and, consequently, low amplitude overvoltage which is very disadvantageous to the electric system, were obtained for the WCuNi electrical contact materials with relative density of about 80% and copper content lower than 40% such as: W20Cu1Ni (10 h of MA and 20 h of MA) and W30%CuNi (10 h of MA).
For the highest content of ductile phase of Cu (40 wt%), the shorter milling time (10 h) had a more positive eect on all physical, mechanical and functional properties.
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